DNA barcoding is a diagnostic technique for species identification using a short, standardized DNA (i.e., DNA barcode) (15) . For microbial organisms, this PCR-based technique is useful not only for identifying cultured species but also for rapid retrieval and species identification for uncultured taxa from natural environments. A good DNA barcoding marker should be simple (easy to PCR amplify and sequence) and universal (effective for a wide range of lineages), with a high resolving power (high interspecific and low intraspecific variations). Therefore, an ideal DNA barcoding marker is a relatively short and reasonably variable gene fragment (for species discrimination) flanked by highly conserved sequences (for primer design). The pioneering DNA barcoding work used mitochondrial cytochrome c oxidase 1 (cox1) to identify animal species (9, 10) . Mitochondrial genes are a good barcode choice for animals, because they are markedly more variable than nuclear genes (3, 32) and contain conserved regions for primer design. Among other organisms, cox1 has also been shown to be useful for barcoding other organisms, such as fungi (35) . Initial attempts at cox1 barcoding for macroalgae (rhodophyte and phaeophyte) also showed good potential (21, 29, 34) . In land plants, the mitochondrial genome evolves substantially more slowly than the nuclear genome (26, 27) , rendering its genes less useful than genes from chloroplast (14, 15) . The utility of cox1 or other mitochondrial genes for DNA barcoding is less clear for unicellular organisms, with few documented attempts (e.g., reference 7) for those living in the marine ecosystem.
Dinoflagellates are important unicellular organisms in the marine ecosystem because of their significant contribution to marine primary production, support of coral reef growth through symbiotic associations (31) , micrograzing (25) , and formation of harmful and often toxic algal blooms (1) . Dinoflagellates are genetically diverse, with at least 2,000 documented extant species and 2,000 fossil species. Continual discovery of new species in the ocean (e.g., references 6, 12, 13, 17, 20, 22, 24, and 38) suggests that there are likely many more dinoflagellate lineages to be recognized. Identification of dinoflagellate species and discovery of species diversity by use of traditional morphological analysis is often hampered by high degrees of morphological similarity and a lack of unique characters between different species. A systematic survey of dinoflagellate diversity using a diagnostic molecular marker is highly desirable. To unravel species diversity and new taxa in natural environments, a DNA barcode would need to be specific for dinoflagellates in addition to the above-mentioned requirements.
In this study, the potential utilities of mitochondrial genes as DNA barcoding markers were assessed. Mitochondrial cox1 and cob (the gene coding for cytochrome b) from dinoflagellates were compared for PCR efficiency and resolving power. We demonstrated that while neither of the mitochondrial genes seems to be a good phylum-wide DNA barcoding marker, a cob primer set can be used to determine the species diversity of dinoflagellate flora in a lineage-by-lineage manner.
MATERIALS AND METHODS
Barcode primer development. Available dinoflagellate mitochondrial cox1 and cob sequences were aligned using CLUSTAL W (version 1.8) (39) . Primers were designed for conserved regions by using Beacon Designer 3.0 (Premier Biosoft International). Various sets of the primers for both cox1 and cob had been published elsewhere (44, 45) , but two reverse primers for cox1 and one for cob were new, and all possible primer combinations with predicted amplicons of Ͼ300 bp were tested for both cox1 and cob in this study (Table 1 and Fig. 1 ). Among the cox1 primers, the Dinocox1F-Dinocox1R5 and Dinocox1F-Dinocox1R6 combinations embraced the gene fragment that had been commonly used for DNA barcoding in animals.
Cultures. Dinoflagellate species representing six major orders (Table 2) were used in this study as a database through which unknown samples could be compared. To maximize geographic coverage of dinoflagellate habitats, two polar species, Heterocapsa arctica (strain CCMP445) and Polarella glacialis (strain CCMP1383 from the Antarctic Ocean and CCMP2088 from the Arctic Ocean), were grown at 4°C with a light intensity of 30 microeinsteins m Ϫ2 s
Ϫ1
and included in this study. Growth was monitored by removing a 1-ml sample every other day and examining cell concentration under a microscope with a Sedgwick-Rafter counting chamber. Once the cultures entered the exponential growth phase, about 1 million cells were harvested by centrifugation (3,000 ϫ g), and cell pellets were kept at Ϫ80°C until DNA extraction. Environmental samples from LIS. Water samples were collected from three stations ( Table 3 ). The first two stations, A4 (40°52Ј21ЉN, 73°44Ј03ЉW) and K2 (41°14Ј04ЉN, 72°15Ј57ЉW), were located in the western and eastern sections of Long Island Sound (LIS), respectively, and were two of the stations regularly sampled in the Water Quality Monitoring Program by the Connecticut Department of Environment Protection. Samples were collected in February, April, July, and October 2002 from a depth of 0.5 m by using Niskin bottles mounted on a conductivity-temperature-depth rosette. The third station (AP; 41°18Ј55ЉN, 72°38Ј11ЉW) was located at the Avery Point campus of the University of Connecticut, off the east end of LIS (near K2), where surface samples were collected using a clean plastic bucket on 28 March, 23 May, 29 August, 26 September, and 21 November 2003 and 23 January 2004 (Table 3) . From each station, subsamples of 250 ml were taken and fixed on site with Utermöhl's solution (40) at a final concentration of 2%. Upon arrival at our laboratory, the Utermöhl-preserved samples were either processed immediately (Avery Point samples) or stored at 4°C for a short period of time before DNA extraction (within 1 month).
Samples from Mirror Lake. To examine if the potential DNA barcoding marker would be useful for freshwater dinoflagellates, we sampled three times (1 and 28 June and 25 August 2008) from Mirror Lake, a retention pond constructed to receive overflow rainwater on the Storrs campus of the University of Connecticut (41°48Ј36ЉN, 72°15Ј36ЉW). At each sampling event, 5 liters of water was collected from the surface of the lake by using a clean bucket. Immediately, 500 ml was filtered onto a 5-m Nuclepore filter membrane by using a handheld vacuum pump. Filtration was completed within 3 min. The filter retaining the plankton cells was immersed in 0.5 ml DNA buffer (0.1 M EDTA, 1% sodium dodecyl sulfate with 100 g ml Ϫ1 proteinase K) in a microcentrifuge tube. Upon arrival in our laboratory (within 2 h), more proteinase K was added to reach a final concentration 200 g ml Ϫ1 and the sample was processed for DNA extraction.
Microscopic analysis. During each sampling, a subsample of 250 ml was taken and fixed on site with Utermöhl's solution for subsequent microscopic analysis of dinoflagellate identities and cell concentrations. In the laboratory, 100 ml of the . The expected lengths of the PCR products for all primer sets are as follows: for FR2 and FR3, 1.4 kb; for F2R2 and F2R3, 1.2 kb; for F3R2 and F3R3, 1 kb; for FR5 and FR6, 0.7 kb; and for F2R5 and F2R6, 0.6 kb. (B) The hatched area indicates the cob region that is identified as a potential barcode region in this study. The expected lengths of the PCR products for all primer sets are as follows: for 1F1R and 1F2R, 1 kb; for 1F3R, 0.73 kb; for 1FR6, 0.79 kb; for 2F1R and 2F2R, 0.96 kb; for 2F3R, 0.69 kb; for 2FR6, 0.75 kb; for 3F1R and 3F2R, 0.92 kb; for 3F3R, 0.65 kb; for 3FR6, 0.71 kb; for 4F1R and 4F2R: 0.66 kb; for 4F3R, 0.38 kb; and for 4F6R, 0.44 kb. 
Utermöhl-preserved samples was transferred to two 50-ml cone-bottom centrifuge tubes and allowed to settle for 3 days in the dark. The supernatant was aspirated down to 1 ml in each tube and combined together. One milliliter of the concentrated samples was placed in a Sedgwick-Rafter counting chamber for microscopic identification of phytoplankton species, following the method of Steidinger and Tengen (36) . For the Avery Point station, water samples were observed for live dinoflagellates under the microscope and single cells were isolated into cultures. DNA extraction. Field-collected, Utermöhl-preserved samples from LIS were centrifuged (3,000 ϫ g, 20 min), and the pellets were resuspended in 0.5 ml DNA extraction buffer containing 50 g proteinase K. Similarly, cell pellets from cultures were resuspended in DNA extraction buffer. These samples, along with the Mirror Lake samples already in DNA buffer, were incubated overnight at 55°C. DNA was extracted using a cetyl trimethyl ammonium bromide protocol (43) . To eliminate PCR-inhibitory compounds, each resultant DNA solution was further purified using a Zymo DNA cleanup and concentration column (Zymo Research, Orange, CA), eluted in 50 l of 10 mM Tris-HCl buffer (pH 8.0), checked for DNA quality by universal 18S rRNA gene primers (43) , and stored at Ϫ20°C.
PCR-based gene cloning and sequencing. PCR for both cox1 and cob was performed with 25-l reaction mixtures, using the following program: 1 min at 95°C, followed by 35 cycles of 20 s at 94°C, 30 s at 56°C, and 30 s at 72°C, and finally an elongation step of 7 min at 72°C. For PCRs that did not yield results, DNA quality was checked using universal 18S rRNA gene primers (43) . A negative result was taken as indication of poor DNA quality, and DNA was repurified and PCR rerun. For DNA samples from monospecific cultures, PCR products were directly sequenced from both directions (in most of the cases) or cloned into a T vector before being sequenced (43) . For field samples, PCR products were purified using a Zymo DNA cleanup and concentration column and cloned into a T vector (43) . Colonies carrying a target gene fragment were randomly selected, and 20 to 50 clones were sequenced for each water sample by using a BigDye Terminator cycle sequencing kit (Applied Biosystems). A total of 450 clones were sequenced.
Sequence alignment, distance matrix, and phylogenetic analysis. Sequences for each gene were aligned using CLUSTAL W (version 1.8) (39) , inspected manually, and corrected when necessary for codon integrity. The data sets were run through ModelTest version 3.7 (28) to identify the best-fit nucleotide substitution model. The best-fit model (transversion model with gamma distributed rate variation among sites [TVMϩG] ) was then used to generate a distance matrix. For comparison, the default model in the Phylip DNADist program (F4) was also used to generate the distance matrix. On the basis of the best-fit distance matrix, a phylogenetic analysis was conducted using the unweighted-pair group method with arithmetic means (UPGMA) as previously reported for barcoding (e.g., reference 29), with a bootstrap value of 500 (cob) or 1,000 (cox1) replications. To verify the reliability of the tree topology, maximum-likelihood (ML) analysis was performed using PhyML (8) , with a bootstrap value of 100 resamplings for the cultured species. To identify the dinoflagellate species in the field samples, the cob marker sequences from these field samples, along with those from cultured dinoflagellate species, were subjected to UPGMA analysis. An ML tree was not run, because the large data set made the analysis excessively slow.
Nucleotide sequence accession numbers. The cob sequences obtained in this study were deposited in GenBank under accession numbers EU839995 to EU840054 (LIS stations A4 and K2), EU840055 to EU840151 (Avery Point), EU840152 to EU840163 (Mirror Lake), and EU840164 to EU840175 (laboratory cultures listed in Table 1 ).
RESULTS
Resolving power in phylogenetic analysis and PCR efficiency of the cox1 barcode region. The alignment of sequences was fully colinear except for a small deletion in five basal species (see Fig. S1 in the supplemental material). The resolving power of cox1 was examined by inferring a distance-based phylogenetic tree, using recently reported sequences. The resulting UPGMA and ML trees (see Fig. S2A and S2B in the supplemental material) were congruent with trees reconstructed from a three-gene data set (45) . In these trees, different species and genera in major orders of dinoflagellates were well separated whereas intraspecific strains exhibited low genetic divergence, indicating a potential for cox1 as a barcoding marker.
We tried to establish an effective dinoflagellate universal barcode primer set based on cox1. However, all the combinations of the primers tested (Table 1 and Fig. 1 ) gave similar results in PCR in that some taxa could not be amplified efficiently. As shown in Fig. 2 (top panel) , when the Dinocox1F-Dinocox1R5 primer set, which flanked the conventional barcode region, was used, PCR either never or inconsistently amplified taxa such as Alexandrium tamarense, some strains of Amphidinium carterae, Heterocapsa triquetra, Lingulodinium polyedrum, Prorocentrum dentatum, and Thecadinium yashimaense, and only a faint PCR band was obtained for some others (e.g., Kryptoperidinium foliaceum strain CCMP1326, Prorocentrum mexicanum strain CCMP687, and the Pfiesteria-like strain CCMP1827).
PCR efficiency of the potential cob barcode region. Four forward and four reverse primers were tested for cob (Table 1 and Fig. 1 ). Different combinations of these primers exhibited different efficiencies in PCR, and most of the primer sets failed to amplify some species. However, Dinocob4F-Dinocob3R consistently amplified a product of the expected size (385 bp, except for Oxyrrhis marina [388 bp] and the Pfiesteria-like strain CCMP1828 [370 bp]) from each of the dinoflagellate DNA samples tested (Fig. 2) . Sequencing results verified that these products were genuine cob fragments, except for Gyrodinium uncatenatum CCMP1310, Thecadinium yashimaense CCMP1890, and Noctiluca scintillans NS3, in which the sequence was either a fusion of partial fragments of cob and mitochondrial cytochrome c oxidase 3, apparently a pseudogene, or a cob gene fragment from another species, likely a prey dinoflagellate that it had ingested (45) . These sequences were excluded from further analyses. In all cases, no amplification was observed for nondinoflagellate DNA samples, indicating the specificity of the primers for dinoflagellates.
Resolving power of the potential cob barcode region. The alignment of cob sequences was fully colinear except for the small deletions in O. marina and the Pfiesteria-like strain mentioned above (see Fig. S3 in the supplemental material). Both the UPGMA and the ML phylogenetic analyses based on the cob fragment (334 bp after the primer regions were excluded from the original 385-bp fragment) produced trees ( Fig. 3 ; also see Fig. S4 in the supplemental material) generally similar to trees based on cox1 (see Fig. S2A and S2B in the supplemental (45); taxa from each of the major orders of dinoflagellates formed a monophyletic cluster (e.g., Gonyaulacales, Peridiniales, Prorocentrales, Gymnodiniales, and Suessiales). The only exception was Ceratium, in which the marine species Ceratium longipes was separated from the Mirror Lake Ceratium sp. isolate, suggesting genetic differentiation between marine and freshwater species of Ceratium. In this phylogenetic tree, two strains of P. glacialis, the bipolar dinoflagellate, were placed within the order Suessiales. In cases where multiple intraspecific strains were available for analysis, sequences from those strains were either identical (Peridinium aculiferum) or very similar (Prorocentrum minimum and Scrippsiella hangoei), indicative of low intraspecific divergence. In contrast, interspecific divergence was markedly higher (e.g., Prorocentrum spp., Scrippsiella spp., and Symbiodinium spp.), with exceptions for Alexandrium and Karenia species (Fig. 3) . The interspecific and intraspecific divergences were further analyzed using the cob distance matrix derived from the TVMϩG model (Table 4) . Similar to what was observed on the phylogenetic tree, a greater distance was consistently observed between species than between intraspecific strains within each lineage examined (Table 4) . With all dinoflagellate lineages considered together, intraspecific variation ranged from 0 to 0.008982 and interspecific variation was Ͼ0.008982. However, some exceptions to this pattern were found, e.g., in the genera Alexandrium, Karenia, and Pyrocystis (Table 4) .
Dinoflagellate taxa and species diversity in LIS as revealed by microscopic analysis. A diversity of dinoflagellates was observed microscopically. At Avery Point station, this resulted in successful isolation of Akashiwo sanguinea and a Scrippsiella sp. into cultures (44, 45) . For stations A4 and K2, spatial variations were noted for abundance and genetic diversity of dinoflagellates. Generally, dinoflagellates were more abundant at the A4 station than at the K2 station throughout the whole sampling period by microscopic cell counts (Fig. 4A) . Similarly, species diversity was higher in A4 than in K2. Throughout the study period, seven dinoflagellate lineages (Akashiwo, Scrippsiella, Gymnodinium, Dinophysis, Heterocapsa, Prorocentrum, and Protoperidinium) were identified at the A4 station and only three lineages (Gyrodinium, Prorocentrum, and Scrippsiella) were detected at the K2 station. The Shannon-Weaver diver- FIG. 3 . UPGMA phylogram based on cob barcode region for cultured dinoflagellate species. Bootstrap values were based on 500 replications; the thickest branches denote bootstrap values of Ͼ95%, medium-thick branches values of 75 to 95%, and thin branches values of Ͻ75%. Major groups of dinoflagellates were identified to the right: Gon, Gonyaulacales; Per, Peridiniales; Pro, Prorocentrales; Gym, Gymnodiniales; Sue, Suessiales. Highlighted in boxes are intraspecific strains that were highly identical (Ͼ99.5%). The scale bar indicates the substitution rate per nucleotide (0.1). sity index (HЈ) derived from the microscopic counts showed the same spatial pattern (Fig. 4B) . At station A4, dinoflagellate species diversity and total abundance were higher in July than at other sampling times.
Dinoflagellate taxa and species diversity in LIS as revealed by cob barcode sequence analysis. With the primer set Dinocob4F-Dinocob3R, PCR on each field-collected DNA sample consistently yielded a good DNA product of the expected size. BLAST analysis showed that all the sequences retrieved from these PCR products belonged to dinoflagellates, confirming the specificity of the primers for dinoflagellates. Alignment of the sequences with counterparts from documented species was coherent except for the two cases of indels for cultured species mentioned earlier and a 35-bp insertion in two of the station A4 July clones (the alignment file is available upon request). This 35-bp insertion was at the same location as the insertion in O. marina. Because no single universal distance threshold could be established to define species, distance-based UPGMA phylogenetic analysis was performed to facilitate identification of species on the basis of relative branch lengths between interspecific and intraspecific taxa. As a result, a high level of diversity of dinoflagellates was revealed in the samples, with many gene clones scattered throughout the tree, some closely and some distantly related to documented species (Fig. 5) . Some of these clones can be assigned to the species level because their distance to a documented species was shorter than the interspecific distance within that lineage (Table 4 ), e.g., clones belonging to A. sanguinea (Fig. 5, insert B) , Dinophysis acuminata (insert D), and Karlodinium veneficum (insert B), Prorocentrum micans (insert C), Scrippsiella sweeneyae, and Ceratocorys horrida. There were also clones that could be assigned only to a genus or an order because the cob barcode sequence was scarce in that genus or order, e.g., Peridinium, Scrippsiella, or that labeled Ceratocoryslike, Prorocentrum spp., Gymnodiniales1, or Gymnodiniales2 (Table 3 and Fig. 5 ). Among these, a clone from an Avery Point August sample was closely related to P. glacialis (97.6% nucleotide identity), which had been found only in the polar regions (22, 23) , as a sister lineage to Symbiodinium. Sixteen other clones from all three sampling stations in various seasons also clustered with P. glacialis, but with longer distances, and these clones likely belonged to Polarella or a related genus. In addition, there was a large number of cob clones whose taxonomic designation remains unclear because of lack of sequence data for related taxa.
Spatial variations were observed between stations A4 and K2 for relative abundance and genetic diversity of dinoflagellates. Under the same reaction conditions, PCR using the cob barcode primer set for each DNA extract from the same amount of water sample yielded different amounts of amplicons (Fig. 4C ). Since these DNA samples had been shown to be of good quality (17, 43, 46) , most likely the difference in PCR product abundance was due to a greater abundance of dinoflagellates at the A4 station than at the K2 station, in agreement with the trend of dinoflagellate microscopic cell counts (Fig. 4A) . Overall, more cob genotypes were detected at the K2 station than at the A4 station, although the HЈ value derived from the microscopic result showed a contrary pattern (Fig. 4B) . The discrepancy was likely caused by the much higher detection sensitivity of PCR than of microscopic counting and by some genotypes that could not be discriminated morphologically. At Avery Point, the overall cob genotypic diversity in the study period (2003) was similar to that in the K2 station (Table 3) , consistent with their proximity.
Temporally, at the A4 and K2 stations, more cob genotypes (13 types out of 27 clones and 15 types out of 22 clones, respectively) were detected in July 2002 than in other seasons (Table 3 ). In October, diversity was lower (8 types out of 22 and 19 clones at A4 and K2, respectively). Taxon diversity showed the same trend, with an unknown genotype (Unknown9) predominant at both the A4 and the K2 stations in October (Table 3 ). The HЈ value derived from the microscopic data was highest in July at station A4, whereas similar diversity levels were seen for February and July at station K2 (Fig. 4B) . Microscopic results showed negligible abundance and species diversity in April 2002 for both stations when substantial cob diversity was detected (Table 3) , indicating the higher detection sensitivity of the molecular method. At Avery Point, cob genotypic diversity was higher in August (29 types out of 46 clones), September (21 types out of 43 clones), and November (28 types out of 47 clones) than in other seasons (Table 3) . At all three stations, Gymnodinium was predominant in the winter season (February to March), although it was commonly found throughout the study period (Table 3) .
Dinoflagellate taxa and seasonal succession in Mirror Lake. PCR with the Dinocob4F-Dinocob3R primer sets also yielded products of the expected size for samples from Mirror Lake. Sequencing of the resulting clones verified the identity of the clones as dinoflagellates. As shown in Fig. 6 , some of the clones were identical or almost identical to the cob barcode sequence of a Ceratium sp. that was also detected microscopically in this study and molecularly in previous studies (18S rRNA genes [17] and cob [45] ). Other clones tightly formed a separate cluster, nested between Crypthecodinium and Symbiodinium in the phylogenetic tree, whose identity could not be resolved, due to a lack of related data. The dinoflagellate assemblage in this pond exhibited a temporal succession of different lineages: from the Ceratium sp. on 1 June to both the Ceratium sp. and the unknown lineage on 28 June and then exclusively the unknown lineage on 25 August.
DISCUSSION
This is the first attempt to explore a cob-based DNA barcoding marker for dinoflagellates and any marine phytoplankton and the first application of the barcoding marker to investigate dinoflagellate species diversity over spatial and temporal scales in marine and freshwater ecosystems. Dinoflagellate diversity and new lineages have continually been discovered, but all through random sequencing of eukaryotic 18S rRNA gene clones (e.g., references 20, 24, 30, and 42) rather than systematic dinoflagellate-specific analysis. These nonsystematic analyses can hardly retrieve the full range of dinoflagellate species diversity, especially when other plankton was dominant in the water sample. In a recent study, we developed a dinoflagellate-specific 18S rRNA gene primer set and demonstrated its utility for recovering dinoflagellate community structure (17) . This primer set has been used to analyze water samples from various ecosystems, and its usefulness has been further verified (S. Lin and H. Zhang, unpublished data) . However, there are some limitations for this primer set. First of all, the PCR product generated by this primer set is long (about 1.6 kb), which requires more effort to sequence and assemble in order to obtain a fully usable sequence. This becomes a problem when a large number of samples need to be analyzed. Second, the dinoflagellate 18S rRNA gene sequence is often too conserved to be useful in resolving closely related lineages (e.g., the so-called GPP complex, including Gymnodiniales, Prorocentrales, and Peridiniales). These three orders of dinoflagellates represent lineages with no theca, bivalve theca, or multiplate theca, respectively, and their evolution cannot be resolved with the single subunit rRNA gene tree, due to extremely low divergence rates (33) . Recently, Litaker et al. (19) showed that ITS1/5.8/ITS2 rRNA gene sequences (the internal transcribed spacer [ITS] region) has the potential to serve as a unique species-specific DNA barcode for most dinoflagellates. However, because sequences flanking the ITS region (18S and 28S rRNA genes, respectively) are highly conserved in most of the eukaryotes and the ITS region is highly variable even within dinoflagellates, it is expected to be difficult if not impossible to design a dinoflagellate-specific primer set to amplify the ITS region for all or most of the dinoflagellate taxa. Therefore, this ITS region can be useful for identifying single cells or monospecific cultures (18) , but its utility for natural dinoflagellate assemblages remains to be assessed.
Although mitochondrial cox1 is well established as a DNA barcode for animals (reference 15 and references therein) and has been shown to be suitable for species discrimination for red algae and fungi (29, 35) , this gene is too conserved to be used as a barcode in higher plants (reference 26 and references therein). For phytoplankton, cox1 has been tested for determining phylogenetic relationships among Sellaphora species (diatoms), but results showed generally lower bootstrap support than for other genes examined (7) . For dinoflagellates, although cox1 was once used successfully to distinguish differ- (37), the utility of this gene as a barcode is questionable due to the repetitive failure of the primer sets to amplify all dinoflagellate species in addition to the demonstrated lower resolving power (45) . In contrast, cob seems to be more promising. The Dinocob4F-Dinocob3R primer set is more universal within the dinoflagellate phylum, effectively amplifying all the dinoflagellate taxa examined (except several taxa in which the amplicons turned out to be pseudogenes and their usefulness to species recognition is uncertain). In our laboratory, we have found that this primer set is able to detect less than 0.1 cell in a PCR for A. tamarense, Pfiesteria piscicida, K. veneficum, P. minimum, and A. sanguinea . The sensitivity of this primer set is very important for field surveying, especially when dinoflagellate abundance is low. The 385-bp cob gene fragment also meets two other criteria of a DNA barcode: short length for ease for complete sequencing and adequate sequence variability for species delineation. The short length of the cob barcoding sequence makes this sequence well suited for the 454 Sequencing technology when high-throughput analysis is needed for large-scale environmental samples. Although a somewhat longer fragment, like the conventional cox1 barcode (ϳ650 bp), may offer higher taxon resolution, primer sets for longer fragments that we have tested failed to work for some species and were less sensitive. However, the generally higher variability of cob (45) can compensate for the short length to some extent. Similarly, use of cob also has been shown to increase resolving power for DNA barcoding in the case of rotifers (5) . Furthermore, this cob primer set is specific for dinoflagellates, as indicated by the results of tests done for laboratory-grown algae as well as field-collected samples (see below). The only shortcoming recognized so far is that this gene fragment does not provide a uniform species-discriminating distance threshold across the dinoflagellate phylum. Instead, the interspecific distance based FIG. 6 . UPGMA phylogram of cob barcode sequences from cultured and Mirror Lake dinoflagellate clones. Bootstrap values, analyzed based on 500 replications, were indicated for major clades by branch thickness: thickest line, Ͼ95%; second-thickest line, 75 to 95%; thin line, Ͻ75%. Dinoflagellate cob clones recovered from Mirror Lake are in bold type. Note that Ceratium and a novel lineage that was affiliated between Crypthecodinium and Symbiodinium occurred and dominance shifted over time. The scale bar indicates the substitution rate per nucleotide (0.1). on this cob fragment varies from one lineage to the other. As a result, the overall interspecific distance (Ͼ0.008982 in most cases) and intraspecific distance (0 to 0.008982) lack a gap expected of a good DNA barcoding marker (11) . Nevertheless, the interspecific variation of the 385-bp cob fragment has allowed species discrimination for most of the lineages as long as sequence data are available for related intraspecific strains and congeneric species to establish an interspecific distance threshold. For instance, species identification can be done for Prorocentrum because the distance between Prorocentrum lima and other Prorocentrum species is 0.01497 to 0.065868 (0.0340 Ϯ 0.0244), whereas the distance within P. minimum strains is 0.00599 to 0.00898 (0.006487 Ϯ 0.0035) ( Table 4 ). The utility of this gene fragment is supported by the fact that the phylogenetic tree inferred from this cob fragment for cultured dinoflagellates (Fig. 4) is congruent with trees derived from multiple genes (e.g., reference 45). Among other monophyletic lineages formed in this tree, Polarella glacialis, the suessiale species from the Antarctic and Arctic Oceans, formed a well-supported cluster with the sister group Symbiodinium, an affiliation previously suggested by morphological and rRNA gene molecular data (22, 23) . It should be noted that the apparent lack of variation in the cob sequence for Alexandrium spp. is agreeable with the absence of variation in A. tamarense, Alexandrium fundyense, and Alexandrium catenella on the basis of 18S rRNA genes, ITS, and morphology (differing only by the presence or absence of a ventral pore on the apical plate), which renders these species to be treated as an A. tamarense species complex (2, 4) . A recent study using morphological, genetic, and proteomic analyses showed that A. tamarense and A. catenella could not be distinguished and should be considered one species (41) . A large-scale survey of rRNA gene sequences suggested a collapse of the morphospecies and use of genetic clades (16) . Similarly, Karenia brevis and Karenia mikimotoi have been shown to be essentially identical with respect to 18S rRNA genes (4-or 5-nucleotide differences out of 1.8 kb, as shown in the sequences under GenBank accession numbers AF009216, AF022195, and EF492501 to EF492505) as well as the cob sequence analyzed in this study.
The potential utility of the cob fragment for barcoding particular lineages of dinoflagellates is also evident in the retrieval of dinoflagellate diversity in LIS (Fig. 5 ) and Mirror Lake (Fig.  6 ). The use of the cob fragment has revealed a high level of diversity of dinoflagellate lineages in LIS without detecting other organisms occurring in the environment. These dinoflagellate taxa can be recognized to the species level when there is a sufficient database for related species and genera. Among the species retrieved are A. sanguinea, K. veneficum, P. micans, Prorocentrum nanum, D. acuminata, Ceratocorys horrida, Pfiesteria- like taxon CCMP1835, and S. sweeneyae, most of which have been detected previously using the dinoflagellatespecific18S rRNA genes and other primers (17, 46) . Interestingly, this marker also has unveiled a variety of taxa closely related to the bipolar species P. glacialis, one of which likely belongs to the same species or genus. It is also intriguing to observe, based on the 385-bp cob fragment, the predominance of two clades of dinoflagellate in Mirror Lake and the transition from one to the other in a 2-month period. In our analysis, the identities of a substantial number of the taxa in the environmental samples remain unclear, such as the great variety of gymnodinioid species, because the cob database is still limited. DNA barcoding in general requires an existing systematic framework and a large database comprising barcode sequences from all documented species to which a new barcode sequence from a question taxon can be compared. Gymnodinioid taxa are usually abundant in estuaries, and it would be of high interest to resolve the species identities of these taxa. When a broader cob database becomes available, the taxon-resolving power of this gene would certainly increase and many more environmental dinoflagellate populations can be identified. In addition, the cob sequences obtained in this and future studies will potentially be useful for developing fluorescent in situ hybridization probes for applications to microscopic identifications of unknown sequences. 
